The structures of the CaO-P 2 O 5 -SiO 2 slag system with varying P 2 O 5 /SiO 2 ratios at a fixed CaO content have been investigated by molecular dynamics simulation using the pairwise potential model. The results showed that the average bond lengths of Si-O and P-O were 1.610 « 0.001 ¡ and 1.531 « 0.005 ¡ in the examined range of the P 2 O 5 /SiO 2 ratio. More than 95% Si and P ions were 4-coordinated and formed tetrahedral structures. Average coordination numbers of P-O and Si-O decreased slightly while average coordination number of Ca-O revealed a rising trend with the addition of P 2 O 5 . The non-bridging oxygens (Si-O-Ca and P-O-Ca) were the overwhelming majority and further increased with the substitution of SiO 2 by P 2 O 5 , which results in the decrease of the polymerization constant K p . The numbers of Si and P groups linked to a tagged Si or P tetrahedron (Q n speciation) characterized the polymerization degree of the slag system. The Q 0 of both P and Si declined remarkably with the increase of P 2 O 5 . Correspondingly, (
Introduction
Phosphorus is known as one of the most harmful elements in steels, thus the removal of phosphorus from hot metal with high content of phosphorus is of great significance in metallurgical processes. The development of hot metal dephosphorization processes has been extensively conducted in last three decades to meet the demand of high quality steels. CaO based slags have been used widely due to the basic property of CaO and its abundance in mainland China. The CaO-P 2 O 5 -SiO 2 slag system plays an important role in metallurgical processes due to the formations of dicalcium silicate (2CaO·SiO 2 ) and tricalcium phosphate (3CaO· P 2 O 5 ) during dephosphorization treatment in steelmaking process. 1, 2) Some researchers have studied the structure of phosphorous glasses containing Na, Ca, Zn, Mg and other metallic ions through experimental techniques, e.g., NMR (Nuclear Magnetic Resonance), XAS (X-ray absorption spectroscopy), XRD (X-ray diffraction), ND (neutron diffraction), Raman spectroscopy, etc. 39) Hoppe 3, 4) illustrated the different contributions to the structure of phosphate glasses by experiments (XRD, ND). It was found that the P-O bonds to the terminal and to the bridging oxygen atoms change as a function of the P 2 , Na + and K + ). Modifier additions caused further network changes, 5, 6) for instance, increasing the number of non-bridging oxygen atoms which coordinated with the modifier cations, and promoting the formation of clusters of MeO n polyhedra. Richard 7) has introduced some new technological applications in the structures of simple phosphate glasses. In his review, he summarized a range of structures of phosphate glasses with varying [O]/[P] ratios as set by the glass composition.
Meanwhile, classical and ab initio molecular dynamics (MD) simulations 1016) were widely employed to characterize the structures and properties of slag systems at high temperatures because of the difficulties of experiments at high temperatures. However, most of such previous works related to phosphorus were mainly concentrated on P 2 O 5 -Na 2 O-SiO 2 glasses which was attributed to the wide applications of this system in bioactive materials. 10, 11) With regard to the CaO-P 2 O 5 -SiO 2 system, Ahsan 17) studied xCaO· (1 ¹ x ¹ z)·SiO 2 ·zP 2 O 5 glass system through infrared spectra. He proposed that P 5+ occupied the network position and formed the linkage Si-O-P in the glass for higher amount of P 2 O 5 . This Si-O-P bond may lead to the formation of five and six coordinated silicon in the glass matrix. Dickens 18) has investigated the crystal structure of Ca 5 (PO 4 )SiO 4 glasses by describing the environments of calcium, oxygen and network formers and analyzing some structural information, e.g. bond lengths, angles, etc.
Nevertheless, the CaO-P 2 O 5 -SiO 2 slag system has not been studied adequately. MD simulations provide different insights into the properties of molten slags and thus allow us to highlight the specific contributions of selected structural units. In this study, MD simulations were applied to investigate the structure and dynamical properties of the CaO-P 2 O 5 -SiO 2 slag system with varying P 2 O 5 /SiO 2 ratios at a fixed CaO content. Different from the previous work, 17, 18) the binary basicity in this study was higher. The following detailed information: bond lengths, partial radial distribution functions (RDFs), coordination numbers (CNs) and the peak value of RDF were investigated mainly to explore the shortrange order while proportions of bridging oxygen (BO), nonbridging oxygen (NBO) and free oxygen (O 2¹ ), degree of polymerization ¡, polymerization constant K p , distributions of Q n and angles were investigated to explore the long-range disorder structure.
Simulation Method
In the present study, purely ionic molecular dynamics
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Undergraduate Student, Chongqing University +2 simulations were carried out by using the Materials Explorer software (5.0) developed by Fujitsu Limited. The interatomic potential of the Born-Mayer-Huggins (BMH) form was applied in this study:
Where U ij (r) is the interatomic potential, q i and q j are charges of ions i and j, r ij represents the distance between ions i and j, A ij , B ij and C ij are the parameters of BMH potentials. The first term is the Coulomb interaction, the second term is the inter-core short-range repulsion and the last term represents the van der Waals attraction. The charges of Si, O, Ca and P are 4, ¹2, 2 and 5, respectively. The Coulomb potential was calculated by using the Ewald sum method in reciprocal space with a 3 © 3 © 3 k-mesh. The real space cutoff radius was 10 ¡ with a long-range correction at 40 ¡. The interatomic potential parameters of CaO and SiO 2 in this study were taken from Hirao et al. 19) and the optimum interatomic potential parameters for P-O pair were taken from Belashchenko. 20) Adjustable parameters A ij , B ij and C ij are listed in Table 1 .
Calculations were performed for ensembles of particles placed into a cubic cell with 41.7 « 0.2 ¡ in side length. To eliminate the edge and surface effects, periodic boundary condition was used. The total number of atoms in each sample almost remains as a constant of 5000 « 1 and is shown in Table 2 . The Newton's equation of motion was numerically integrated with a time step of 1 fs. The initial temperature was set at 5000 K for 10000 steps to agitate the atoms and eliminate the effect of the initial distribution. Then, the temperature was decreased slowly to 1673 K with 30000 steps. Finally the calculation was equilibrated at 1673 K with another 10000 steps. All simulations were all performed in NVT (constant number of particles, volume and temperature) ensemble, which was performed by Parrinello-Rahman-Nose method. The calculated compositions, numbers of atoms and other detailed information of the CaO-P 2 O 5 -SiO 2 system are presented in Table 2 .
Results and Discussion

The partial radial distribution function (RDF) and coordination numbers (CN)
The partial RDF, g ij (r), is commonly used to investigate the characteristics of short-range order. The RDF provides the probability density of finding an ion within a distance r from a specified particle. The formula of RDF is as follows:
Where V is simulation cell volume, N i and N j are the total numbers of ions i and j, respectively. ©n ij (r ¹ ¦r/2, r + ¦r/ 2)ª is the average number of the ion j surrounding the ion i within the distance r « ¦r/2. The RDF not only describes the structural ordering of the slag in different ranges, but also provides the basic structural information including the average bond lengths.
The CN is calculated by integrating the corresponding g ij (r) curve to the first valley, and also provides some important structural information. The formula is as follows:
The RDFs and CNs of pairs are shown in Fig. 1 , and the calculated bond lengths for different pairs are presented in Table 3 .
When the content of P 2 O 5 is 5 mol%, the bond lengths of Si-O, P-O, Ca-O, O-O, Si-Ca and P-Ca are 1.610, 1.538, 2.304 « 0.003, 2.571 « 0.009, 3.528 « 0.015 and 3.572 « 0.011 ¡, respectively. They are in a good agreement with the observed nearest neighbor distances presented in other papers. 3, 18, 21) It can also be observed from Fig. 1 4 ] tetrahedron is closer to ideal tetrahedron. The three dimensional structure of the MD-derived phosphosilicate glass at the final step is shown in Fig. 2 . It can be seen that the glass has polymerized tetrahedron structure composed of Si, P and O ions while the modifier ions, Ca ions, dispersed in the network of glass.
The average bond length of Si-O remains almost unchanged with the increase of P 2 O 5 , implying that the Si- Figure 3 shows that the fraction of 4-coordinated P (P IV ) ions is higher than 4-coordinated Si (Si IV ) ions, similar results were also found in other paper.
11) When combined with the smoother platform in CN P-O curve, it can be concluded that phosphorus ions tend to maintain an ideal tetrahedron more easily than silicon ions. It can be obtained from Table 4 that CN Si-O is higher than CN P-O , corresponding to the higher fraction of Si V (5-coordinated Si) in Fig. 3 . The forms of oxygen estimated from the final configuration can be divided into bridging oxygen (BO), nonbridging oxygen (NBO), free oxygen (O   2¹ ) and oxygen tricluster. BO, NBO, O 2¹ and oxygen tricluster have been counted previously according to the number of Si and P that each oxygen is coordinated with. The bridging oxygen (BO) that connects two tetrahedra, increases the degree of polymerization while the non-bridging oxygen (NBO, connects one tetrahedron) and free oxygen (O 2¹ , connects none tetrahedron) have the contrary impact. The cutoff radiuses of 2.2 ¡ for the Si-O pair and 2.3 ¡ for the P-O pair were chosen in this study, because the possibility of the existence of oxygen at a distance of 2.2 ¡ from Si and 2.3 ¡ from P, corresponding to the first valley of the Si-O and P-O RDF curves, is nearly zero. Oxygen ion, whose distance from Si or P ion is smaller than the cutoff radius, is considered to be coordinated with Si or P.
The oxygen tricluster, which connects three tetrahedra, has been widely investigated about their existence. 16, 22) However, in this CaO-P 2 O 5 -SiO 2 slag system, oxygen tricluster was not found, this is probably because the content of CaO is high, which increases the difficulty of forming complicated clusters and anions. The distributions of the BO, NBO and O 2¹ are presented in Fig. 4 . With the increase of the P 2 O 5 /SiO 2 ratio, the NBO increases while the O 2¹ decreases remarkably and there is no great change of BO. This implies the degree of polymerization is enhanced by the increase of the P 2 O 5 /SiO 2 ratio.
When subdividing the BO and NBO, it can be found that the BO can be divided into three groups: P-O-P (OPP), Si-O-P (OSP) and Si-O-Si (OSS), whilst the NBO can be divided into two groups: P-O-Ca (OP), Si-O-Ca (OS). Though BO increases with increasing the P 2 O 5 /SiO 2 ratio, OS decreases remarkably. This is because that although the O 2¹ transforms into the NBO, the decrease of Si ions dominantly affects the concentration of OS. Analogically, the increase of OP is attributed to the increases of both the NBO and the number of P ions.
Polymer theory was previously introduced in Na 2 O-SiO 2 oxides. 23) This theory is mainly expressed by two parameters, which are the degree of polymerization ¡ and the polymerization constant K p . These two parameters are given by the formulas:
Where the n 0 , n Si and n P are the numbers of bridging oxygen, Si particles and P particles, respectively. Correspondingly, X(BO), X(NBO) and X(O 2¹ ) represent the fractions of the bridging oxygen, non-bridging oxygen and free oxygen, respectively. And the values of ¡ and K p are listed in Table 5 .
¡ represents the degree of polymerization of the slag system. For instance, in pure SiO 2 glasses, ¡ = 1 if all O particles have two Si neighbors. As shown in Table 5 , the value of ¡ decreases the molar fraction of P 2 O 5 from 0 to 10% and then increases with the further addition of P 2 O 5 . The distribution of the BO and ¡ have the same varying trend, however, different from the BO, ¡ provides the direct ratio between bridging oxygen ions and network formers. The value of K p suggests a kind of downtrend with the addition of P 2 O 5 . K p represents the equilibrium of the following reaction:
The decline of K p reveals that the equilibrium of this reaction is broken. The O 2¹ and BO tend to transform into NBO, which is in accordance with the changes of the BO, NBO and O
2¹
. 3.3 Distribution of Q n and angles The polymerization of the structure can be estimated by Q n , where n denotes the number of BO in a tetrahedron and Q n refers to the corresponding fraction of such tetrhedron. As it is generally accepted that Q n can be divided into five types: Q 0 , Q 1 , Q 2 , Q 3 and Q 4 , which respectively connect none, one, two, three and four BO in one tetrahedral unit. The distributions of Q n for P and Si are calculated and shown in Fig. 5 . From Fig. 5 , it can be concluded that with the increase of the P 2 O 5 /SiO 2 ratio, the Q 0 of Si shows a remarkable downtrend while the Q 0 of P also decreases slightly. The Q 2 , Q 3 and Q 4 of Si increase with the addition of P 2 O 5 , which means the degree of polymerization of the Si-O network structure is promoted. At the same time, the Q 2 , Q 3 and Q 4 of P also increase with the addition of P 2 O 5 . However, it can be found that the decline of the Q 0 of Si is more pronounced, suggesting that the degree of polymerization of the Si-O network structure is more susceptive to the P 2 O 5 /SiO 2 ratio. The fraction of the Q 0 of P is higher, suggesting that P ions tend to form single simple tetrahedra. When the content of P 2 O 5 is in the range of 010%, the fraction of the Q 0 is prominent. With a further increase of the P 2 O 5 /SiO 2 ratio, the concentrations of the (Q 1 + Q 2 + Q 3 + Q 4 ) of Si and P ions increase remarkably. That is to say, the network of both P and Si ions are more polymerized and tend to form complex anions.
The angle distributions of O-Si-O (OSO), O-P-O (OPO), P-O-P (POP), P-O-Si (POS) and Si-O-Si (SOS) are presented in Figs. 6 and 7 when the content of P 2 O 5 is 15 mol%. The angles of both OSO and OPO are 109°, which are very close to the theoretical value 109.5°. It can be found that OSO shows a wider distribution of angles than OPO. It can be explained that the [PO 4 ] tetrahedron is closer to an ideal tetrahedron and the fraction of the [PO 4 ] tetrahedra is higher. From Fig. 7 , we can conclude that the distributions of POP, POS and SOS are comparatively mild and there are no obvious peaks. Meanwhile, the range of distributions of POP, POS and SOS is similar, mainly from 139°to 175°, 135°to 171°and 131°to 167°, respectively.
Conclusions
The simulation data above clearly demonstrate the significant changes of the structure of the CaO-P 2 O 5 -SiO 2 slag system with varying P 2 O 5 /SiO 2 ratios. And the following conclusions can be drawn:
( (2) The fraction of 4-coordinated P is higher than that of Si and there is a smoother platform in CN P-O curve than that in CN Si-O curve, implying that P ions tend to maintain an ideal tetrahedron. (3) The distributions of different oxygen and Q n are the important measurement scale of the complexity of slag structure. The results imply that both P and Si ions tend to form complex anions, demonstrating that the degree of polymerization is enhanced. Since the fraction of Q 0 of P ion is higher, it suggests that P ion tends to form single tetrahedra.
